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Regular paper 
 
A Very Low-Speed Sensorless Induction Motor Drive 
with Online Stator Resistance identification scheme 
 
 
Recently, speed sensorless control of induction motor drives received great attention to avoid the 
different problems associated with direct speed sensors. However, low speed operation with 
robustness against parameter variations remains an area of research for sensorless systems. Stator 
resistance is of greatest importance for good operation of speed sensorless systems in low speed 
region. In this paper, a sliding mode current observer for an induction motor is presented. An 
estimation algorithm based on this observer in conjunction with Popov's hyper-stability theory is 
proposed to calculate the speed and stator resistance independently. The proposed speed observer 
with parallel stator resistance identification is firstly verified by simulation. Experimental results are 
included as well to demonstrate the good performance of the proposed observer and estimation 
algorithms at low speed. 
Keywords: Sliding Mode Observer (SMO), Speed Sensorless, Popov's stability, and stator resistance 
 
1.  INTRODUCTION 
Several methods have been recently proposed for speed estimation of sensorless 
induction motor drives. A comprehensive study of the different speed estimation techniques 
and their specific merits and demerits as well as their feasibility for estimating the rotor 
speed are presented and compared in [1]. They can be classified into two major categories. 
The first one includes the techniques that estimate the rotor speed based on non-ideal 
phenomena such as rotor slot harmonic and signal injection methods. Such methods require 
spectrum analysis, which besides being time consuming procedures; they allow a narrow 
band of speed control, while the second category relies on utilization of an induction motor 
model. Although model-based methods of speed estimation are characterized by their 
simplicity, one of the problems associated with them is their sensitivity to parameter 
variations. Stator resistance plays an important role and its value has to be known with 
good precision in order to obtain an accurate estimation of the rotor speed in the low speed 
region [2].  
The interest in stator resistance adaptation appeared recently, with the advances of speed 
sensorless systems and received more attention with the introduction of direct torque 
control (DTC) technique. An accurate value of the stator resistance is of crucial importance 
for correct operation of a sensorless drive in the low speed region, since any mismatch 
between the actual value and the set value used within the model of speed estimation may 
lead not only to a substantial speed estimation error but to instability as well [3, 4]. 
Therefore, there is a great interest in the research community to develop online stator 
resistance identification schemes for accurate speed estimation in the low speed region. The 
available online stator resistance identification schemes can be classified into a couple of 
distinct categories. All these methods rely on stator current measurement and chiefly 
require information regarding stator voltages as well [5-10]. The most famous methods 
include different types of estimators which often use an adaptive mechanism to update the 
value of stator resistance [6-10]. The stator resistance is determined in [6] by using a 
reactive power based model reference adaptive system (MRAS). The reactive power relies 
on the accuracy of other parameters such as leakage inductance and rotor resistance which J
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are not necessarily constant and the result is prone to error. Adaptive full-order flux 
observers (AFFO) for estimating the speed and stator resistance are developed using 
Popov's and Lyapunov stability criteria [7, 8]. While these schemes are not computationally 
intensive, an AFFO with a non-zero gain matrix may become unstable. Model reference 
adaptive system for estimating the speed and stator resistance is developed using Popov's 
stability criterion [9, 10]. In such methods, the stator resistance adaptation mechanism is 
determined with the difference between the measured and observed stator currents. 
This paper presents a speed estimation algorithm based on a sliding mode current 
observer which combines variable structure control, Lyapunov stability and Popov's hyper-
stability theories. Since a speed estimation algorithm should be insensitive to parameter 
variations, especially stator resistance for low and zero speed operation; a stator resistance 
identification scheme based on the same theories is also developed and used in parallel with 
the speed estimator. Simulation and experimental results are presented at different 
operating conditions to demonstrate the effectiveness of the proposed estimation 
algorithms. 
 
2.  SPEED AND STATOR RESISTANCE ESTIMATION PROCEDURE 
The proposed parallel rotor speed and stator resistance estimation schemes are designed 
based on the concept of hyper-stability. This foremost needs the knowledge of the observer 
construction which is used for speed estimation. 
  
2.1. CONSTRUCTION OF SLIDING MODE OBSERVER  
The induction motor can be represented by its dynamic model expressed in the stationary 
reference frame in terms of the stator current and rotor flux by the following state equation; 
ss
11 12 1 s ss
ss ss
21 22 rr
AA b ii d
vA x B v
AA 0 dt
⎡⎤ ⎡⎤ ⎡⎤ ⎡⎤
⎡⎤ =+ = + ⎢⎥ ⎢⎥ ⎢⎥ ⎢⎥ ⎣⎦ λλ ⎣⎦ ⎣⎦ ⎣⎦ ⎣⎦  
                                                          (1) 
where A11, A12, A21, A22 and b1 are given in the appendix. 
With reference to the introduced mathematical model and considering the stator currents 
as the system outputs, the SMO can be constructed as:  
( )
ss s s s
s1 1 s1 2 r 1 s s s ˆˆ ˆ ˆˆ ˆ pi A i A b v Ksgn i i =+ λ + + −
                                                   
(2) 
ss s
r2 1 s2 2 r ˆ ˆˆ ˆ pA i A λ= + λ
                                                                                              (3) 
where K is the switching gain.  
The error equation which takes into account parameter variation can be expressed, by 
subtracting Eqn. (1) from Eqn. (2), as follows  
( )
ss s s i
11 i 12 11 s 12 r s s
de ˆˆ ˆ Ae Ae Ai A K s g ni i
dt
λ =++ Δ + Δ λ + −
                                               
(4) 
where; 
11 12 ss s s
iss r r
21 22
AA ˆ ˆ  e i i  ,  e   and    A = 
AA
λ
ΔΔ ⎡ ⎤
=− = λ − λ Δ ⎢ ⎥ ΔΔ ⎣ ⎦
 
The sliding mode surface S is constructed as:  
ss
iss ˆ S(t) e i i 0 ==−=
                                                                                         (5) 
whereas, the sliding mode switching function is defined as: J
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1,        if  S  0
sgn(S)
-1,       if  S < 0
≥ ⎧
= ⎨
⎩                                                                                
(6) 
If the rotor speed and stator resistance are considered as variable parameters, assuming 
no other parameter variations, the matrix ΔA is expressed as follows: 
s r
11 12 21 22 r
s
RI J
a,  a,  a 0 ,  a J
L
−Δ −Δω
Δ= Δ= Δ=Δ= Δ ω
σε
 
The sliding mode occurs when the following sliding condition is satisfied;  
T
ii ee  0 ⋅< 
                                                                                                        (7) 
 
2.2. CHARACTERISTICS OF SLIDING MODE OBSERVER ON SLIDING SURFACE 
When the estimation error trajectory reaches the sliding surface, i.e.,  S0 =  then, from 
Eqn. (5), it is obvious that the observed currents will converge to the actual ones, i.e., 
ss
ss ˆ ii = . It is important to point out that this sliding surface equation is selected to guarantee 
that, on the sliding surface, the observer will not be affected by any system parameter or 
any disturbance. This means that the current observer is invariant. 
According to the equivalent control concept, assuming the observed currents  s
s ˆ i  match the 
actual currents 
s
s i  in the steady-state, then Eqn. (7) becomes 
T
ii ee0 == 
                                                                                                             (8) 
from which, the error equation becomes 
ss
12 11 s 12 r ˆ ˆ 0a e a i a L λ =+ Δ + Δ λ −
                                                             (9) 
The estimation algorithm of the stator currents is constructed by a closed loop observer, as 
in Eqn. (2), whereas the estimation of rotor fluxes is carried out by an open loop 
represented by Eqn. (3) without the flux error. Therefore, the real and estimated rotor fluxes 
are assumed the same
ss
rr ˆ λ =λ ; thus the error equation becomes as follows 
ss
11 s 12 r ˆ ˆ 0a i a L =Δ +Δ λ −
                                                                      (10) 
 
2.3. STABILITY OF THE IDENTIFICATION SYSTEM 
Popov's hyper-stability theory is well known as stability criterion for nonlinear feedback 
systems. This theory is applied here to examine stability of the proposed identification 
system. This requires that the error system and the feedback system are derived so that the 
theory could be applied. 
In the sliding mode observer, using a speed identification error  ˆ
rrr Δω= ω− ω, a stator 
resistance identification error 
SSS ˆ RRR Δ =− and an error signal  ()
ss
ss ˆ LK  s g n i i =−− , the 
error system from Eqn. (10) is written as 
ss
11 s 12 r ˆ ˆ La i a =Δ +Δ λ
                                                                                  (11) 
Substitution of  11 a Δ  and  12 a Δ in Eqn. (11) yields J
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ss s r
sr 1 s 2 r
s
R J ˆ ˆ Li z R z
L
Δ Δω
=− − λ =− Δ − Δ ω
σε                                                      
(12) 
where 
s
1s
s
1 ˆ zi
L
⎛⎞
= ⎜⎟ σ ⎝⎠                                                                                                   
(13) 
s
2r
J ˆ z ⎛⎞ =λ ⎜⎟ ε ⎝⎠                                                                                                         
(14) 
The Popov's integral inequality of Eqn. (11) is written as follows [10]: 
0 t
T2
0
SL W d t ,     c o n s t . =≥ − γ γ = ∫
                                                                     
(15) 
where L
T is the input vector and  1s 2r Wz R z = −Δ − Δ ω , which represents the nonlinear 
block, is the output vector of the feedback block, and γ  is a finite positive constant which 
does not depend on t0.   
()
00 tt
TT
1s 2r
00
SL W d tLz R z d t ΔΔ ω == − − ∫∫
                                                          
(16) 
Substitution of Eqns. (13) and (14) yields 
00
00
tt T T
Ts s s r
sr
s 00
tt T T
ss s r
sr
s 00
LR LJ ˆ ˆ SL W d t i d t
L
LR LJ ˆ ˆ    id t d t
L
Δ Δ
Δ Δ
⎛⎞ − ω
== − λ ⎜⎟ σε ⎝⎠
⎛⎞ ⎛⎞ − −ω
=+ λ ⎜⎟ ⎜⎟ σε ⎝⎠ ⎝⎠
∫∫
∫∫
                            
(17) 
2
12 SS S =+≥ − γ                                 
(18) 
0 t T
s2 s
1s 1
s 0
LR ˆ Si d t
L
Δ ⎛⎞
=− ≥ − γ ⎜⎟ σ ⎝⎠ ∫
                                                                  
(19) 
0 t T
s2 r
2r 2
0
LJ ˆ Sd t
Δ ⎛⎞ −ω
=λ ≥ − γ ⎜⎟ ε ⎝⎠ ∫
                                                                        
(20) 
The validity of Eqn. (18) can be verified by means of the inequalities expressed by 
Eqns. (19) and (20), provided that the estimate of rotor speed and stator resistance can be 
obtained by Eqns. (21) and (22), respectively: 
 
T
rr ˆ ˆ KL J d t ω ω= λ ∫                                                                                     
(21) 
Ts
sRs ˆ RK L i d t = ∫                                                                                              
(22) 
where Kω and KR are adaptive gains. 
It is verified that the Popov's inequality of Eqn. (13) is satisfied if the estimate of the 
stator resistance is chosen to be a linear function of an inner product of the current estimate 
ˆs
s i and the error signal L, and the estimate of the rotor speed is chosen to be a linear 
function of an inner product of the flux estimate  ˆ
r λ and the error signal. J
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An identification system for speed and stator resistance is shown in Fig. 1, which is 
constructed from a linear time-invariant forward block and a nonlinear time-varying 
feedback block. The system is hyper-stable if the forward block is positive real and the 
input and output of the nonlinear feedback block satisfies Popov's integral inequality. 
Figure 2 illustrates the block diagram of parallel speed and stator resistance estimation 
algorithms based on a combination of SMO and Popov's hyper-stability theory. 
 
•
ˆr ω
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Fig. 1 Identification system for speed and stator resistance 
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Fig. 2 Block diagram of parallel speed and stator resistance identification schemes 
 
 
3.  SYSTEM IMPLEMENTATION 
The basic configuration of the experimental system is shown in Fig. 3. It consists of an 
induction motor interfaced with a digital control board DS1102 based on a Texas 
Instruments TMS320C31 Digital Signal Processor for speed estimation. The induction 
motor is coupled with a dc generator for mechanical loading. The rating and parameters of 
the induction motor are given in the appendix. Stator terminal voltages and currents are 
measured and filtered using analogue circuitry. Hall-effect sensors are used for this 
purpose. Measurements are taken on two phases only and the corresponding values of the 
third phase are obtained by calculation. The measured voltage and current signals are 
acquired by the A/D input ports of the DSP control board. This board is hosted by a 
personal computer on which mathematical algorithms are programmed and downloaded to J
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the board for real-time speed estimation. A direct speed measurement is also carried out for 
comparison with estimated speed signals. The output switching commands of the DSP 
control board are obtained via its digital port and interfaced with the inverter through opto-
isolated gate drive circuits. 
   
DSP Control Board
Computer 
Oscilloscope
Gate Drive
 
A/D Converter
D/A Converter RAM 
Encoder 
60 MHz 
Master DSP
TMS320C31
PWM 
Induction 
Motor
Dc  
Generator
Vdc
Supply
Rectifier Inverter
ISA 
bus 
 
Fig. 3 Block diagram of the experimental system 
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  +
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Fig. 4 Block diagram of sensorless indirect field oriented control System 
 
4.  RESULTS AND DISCUSSION 
4.1. SIMULATION RESULTS 
A sensorless indirect field oriented controlled induction motor drive, shown in Fig. 4, is 
used where the actual speed feedback signal is replaced by the estimated one. The 
sensitivity to stator resistance mismatch is shown in Fig. 5 for +20% Rs error at high and 
low speeds. These results show that, the speed estimation error at high speed operation is 
1.9 rad/sec (1.26%) and at low speed operation is 0.32 rad/sec (10.7%). Large error at low 
speed may cause instability at low speeds. In order to avoid this, the online stator resistance 
adaptation scheme (22) has been applied. The initial detuning in the stator resistance takes 
values of -10% and -50% as shown in Fig. 6  In both cases, the stator resistance adaptation 
was activated at t= 0. It is clear that the stator resistance estimator quickly removes the 
initial stator resistance error. The stator resistance identification scheme is used in parallel 
with the speed estimation algorithm. The drive system is operated initially with a detuned 
stator resistance at a certain steady state condition and the stator resistance identification 
scheme is then turned on at t = 1 sec. Figure 7 shows the actual and estimated speeds as 
well as the speed estimation error for two initial levels of stator resistance mismatch at a 
speed reference of 2 rad/sec under no load condition. The initial detuning in the stator 
resistance is +50% and +30%, respectively. Stator resistance adaptation scheme is turned J
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on at t = 1 sec. It is clear from this figure that activation of the stator resistance adaptation 
scheme quickly compensates for the initial error in the estimated stator resistance value 
and, therefore, eliminates the initial speed estimation error. 
 
 
(a) 
 
(b) 
Fig.5 Speed estimation error for +20% Rs error in the observer at (a) 150 rad/sec and (b) 3 
rad/sec 
 
The same simulation results are obtained at speed reference equals 1 rad/sec under no load 
condition as shown in Fig. 8 with + 30% initial detuning in the stator resistance. There 
exists a substantial speed estimation error between the actual and estimated speeds. The 
stator resistance adaptation scheme is turned on at t = 1 sec. In all cases, stator resistance J
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estimator quickly removes the initial stator resistance error, enabling complete elimination 
of the speed estimation error as observed clearly from Fig. 8. 
The speed observer with parallel online stator resistance identification is also examined 
during starting operation in the low speed region. Fig. 9 shows the actual and estimated 
speeds, and the speed estimation error with speed reference set at 2 rad/sec and 1 rad/sec 
respectively, under no load condition. It is observed that good speed estimation is achieved 
and the speed estimation error rapidly decays to zero. 
The performance of identification schemes is also tested during speed reversal in the low 
speed region. Fig. 10 illustrates the actual and estimated speeds as well as the speed 
estimation error during speed reversal from 2 to -2 rad/sec, while, Fig. 11 shows the actual 
and estimated speeds and the speed estimation error during speed reversal from 1 to -1 
rad/sec. Speed reversal from 0.5 to -0.5 rad/sec is also shown in Fig.12. The correct value 
of the stator resistance leads to elimination of the speed estimation error and the actual and 
estimated speeds are in very good agreement in steady state with a considerable reduction 
of the speed error (12.5%) during transients to zero in 0.25 sec. 
The speed observer is able to operate at zero speed, provided that the estimated stator 
resistance exactly matches the actual stator resistance. Figure 13 shows the actual and 
estimated speeds as well as the speed estimation error at zero speed with stator resistance 
tuning. As shown, the proposed speed observer with stator resistance adaptation achieves 
good speed estimation. Furthermore, the results confirm that due to the accurate stator 
resistance estimation, the drive does not loose stability during operation at low speeds. 
Finally, simulation results prove the supremacy of the parallel speed and stator resistance 
identification schemes to provide an accurate speed estimate in the very low speed region 
and at zero speed. 
 
 
ˆ
s s R R
ˆ
s s R R
 
ˆ 0.9 = sos R R
ˆ 0.5 = sos R R
 
Fig.6 stator resistance adaptation for -10% and -50% Rs initial detuning at 150 rad/sec J
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ˆ 1.5 sos R R =
 
(a) 
 
ˆ 1.3 sos RR =
(b) 
Fig. 7 Actual and estimated speeds, and speed estimation error at speed command of  2 
rad/sec. Stator resistance adaptation is activated at t = 1 sec. (a)  ˆ 1.5 sos R R =  and (b) 
ˆ 1.3 sos R R =  
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ˆ 1.3 sos RR =
 
Fig. 8 Actual and estimated speeds, and speed estimation error at speed command of  1 
rad/sec. Stator resistance adaptation is activated at t = 1 sec.  ˆ 1.3 sos RR =  
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(a) 
 
(b) 
Fig. 9 Actual and estimated speeds, and speed estimation error during starting operation 
with stator resistance tuning at speed commands of (a) 2 rad/sec and (b) 1 rad/sec J
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s s RR ˆ
 
 
 
Fig. 10 Actual and estimated speeds, and speed estimation error with stator resistance 
tuning during speed reversal from 2 to -2 rad/sec 
 
ˆ
s s RR
 
 
Fig. 11 Actual and estimated speeds, and speed estimation error with stator resistance 
tuning during speed reversal from 1 to -1 rad/sec J
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ˆ
s s RR
 
 
Fig. 12 Actual and estimated speeds, and speed estimation error with stator resistance 
tuning during speed reversal from 0.5 to -0.5 rad/sec 
 
4.2. EXPERIMENTAL RESULTS 
Since motor heating usually causes a considerable variation in the winding resistance, 
so there is often a mismatch between the actual stator resistance and its corresponding set 
value within the model used for speed estimation. Experimental results are presented to 
verify the performance of the proposed speed observer with stator resistance identification 
scheme. It is important to use a stator resistance adaptation algorithm to set an accurate 
value of stator resistance to the speed observer and always track the exact stator resistance 
and consequently a good speed estimation is achieved. Also, stator resistance adaptation 
mechanism makes the speed estimation algorithm robust to this parameter mismatch. For 
this purpose, the proposed SMO with stator resistance identification scheme is firstly tested 
under different values of stator resistance to represent this parameter mismatch. Fig. 14 
shows the estimated speed at 10 rad/sec at +50% stator resistance mismatch with activated 
stator resistance adaptation. It is observed that the estimated speed preserves its value 
unchanged under this parameter mismatch. This test proves that the proposed SMO with 
online stator resistance tuning is dependable and accurately gives the same behavior as the 
actual speed under stator resistance mismatch. 
The effectiveness of stator resistance adaptation algorithm is tested during reversing 
transients, this corresponds to a very short-term operation at zero speed. Figure 15 shows 
the actual and estimated speeds for a reversing transient from 100 to -100 rad/sec with and 
without stator resistance adaptation.  
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ˆ
s s RR
 
 
Fig. 13 Actual and estimated speeds, and speed estimation error with stator resistance 
tuning at zero speed 
 
Fig. 14 Estimated speed at 10 rad/sec under +50% mismatch of stator resistance with stator 
resistance adaptation J
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(a) 
 
(b) 
Fig. 15 Actual and estimated speed during speed reversal at 100 rad/sec (a) without stator 
resistance adaptation and (b) with stator resistance adaptation 
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(a) 
 
 
(b) 
Fig. 16 Actual and estimated speed at zero speed (a) without stator resistance adaptation 
and (b) with stator resistance adaptation 
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The results with stator resistance adaptation mechanism illustrate that good estimated 
speed during reversing transient through zero speed is achieved compared with the same 
situation in Fig. 15-b. Persistent operation at zero speed is possible experimentally as 
shown in Fig. 16 with and without stator resistance adaptation. Figure 17 shows the actual 
and estimated speeds for a reversing transient from 60 to -60 rad/sec with stator resistance 
adaptation. The stator resistance identification scheme is also examined at very low speeds. 
Figure 18 shows the experimental results during steady state operation at 2.5 rad/sec (0.8 
Hz, 0.016 p.u.). This figure shows good speed estimation due to the introduction of stator 
resistance adaptation. 
The introduced results demonstrate that the system exhibits a good robustness and high 
speed estimation accuracy under different operating conditions and with stator resistance 
mismatch. This is possible due to the strong robustness of the SMO. 
 
 
Fig. 17 Actual and estimated speed during speed reversal at 60 rad/sec with stator resistance 
adaptation J
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Fig. 18 Actual and estimated speed during steady state operation at 2.5 rad/sec (0.8 Hz, 
0.016 p.u.) with stator resistance adaptation 
 
5.  CONCLUSION 
In this paper, a parallel speed and stator resistance identification schemes of sensorless 
induction motor drives have been presented. The estimation algorithms have been obtained 
based on sliding mode current observer combined with Lyapunov stability and Popov's 
hyper-stability theories which are applied to nonlinear feedback systems. It has been found 
that activation of the stator resistance adaptation mechanism quickly compensates the initial 
error in the estimated stator resistance value and, therefore, eliminates the initial speed 
estimation error. As a consequence, the actual and estimated speeds are in good agreement. 
Very low speed sensorless operation and also zero speed have been investigated by the 
proposed SMO with online stator resistance adaptation scheme. Extensive simulation 
results have been presented to prove the supremacy of the proposed system, and 
experimental results using DSP are included as well. 
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6.  Appendix 
A.  List of symbols 
Lm   Mutual inductance  
Lr          Rotor leakage inductance 
Ls   Stator leakage inductance  
Rs   Stator resistance 
Tr   Rotor time constant 
ωr   Rotor angular speed 
σ   Leakage coefficient 
ss s T
sd s q s i[ i   i ] =  Stator  current  vector 
ss s T
sd s q s ˆˆ ˆ i[ i   i ] =   Estimated Stator current vector 
ss s T
rd r q r [   ] λ=λ λ   Rotor flux vector 
ss s T
rd r q r ˆˆ ˆ [   ] λ=λ λ   Estimated rotor flux vector 
ss s T
sd s q s v[ v   v ] =   Stator voltage vector 
r ˆ ω  Estimated  rotor  speed 
pd d t =  Differential  operator 
11 12 21 22 12 1 A aI,   A cI dJ,   A eI,   A A ,   b bI
10 0 1
I,    J
01 1 0
== +== − ε=
− ⎡⎤ ⎡ ⎤
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LL LL 1
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⎛⎞ ω
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B.  Induction motor parameters:- 
Rated power (w)  250  Rs (p.u)  0.0658 
Rated voltage (volt)  380  Rr (p.u)  0.0485 
Rated current (Amp.)  0.5  Ls (p.u)  0.6274 
Rated frequency (Hz)  50  Lr (p.u)  0.6274 
Number of poles  4  Lm (p.u)  0.5406 
 